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ABS TRACT 

E l e c t r o n  m i c r o g r a p h s  o f  s e c t i o n s  of m a t i n g  p a i r s  of  bac- 

t e r i a  t h a t  w e r e  a r r a n g e d  f l a t  a n d  pa ra l l e l  t o  t h e  p l a n e  of  

s l i c i n g  allowed u s  t o  observe a s t a t i s t i c a l l y  s i g n i f i c a n t  

number of c o n j u g a t i o n a l  j u n c t i o n s .  T h e s e  are s p e c i f i c  for 

t h e  F - m e d i a t e d  c o n t a c t s  a n d  are n o t  f o u n d  i n  c o n t a c t s  be- 

t w e e n  t h e  same s t r a i n s  b u t  l a c k i n g  t h e  F - p l a s m i d .  The c o n j u -  

g a t i o n a l  j u n c t i o n  is  a l r e a d y  f o u n d  i n  m u t a n t s  i n  which  t h e  

DNA- t rans fe r  i s  i n h i b i t e d .  Upon t r a n s f e r  no  v i s i b l e  m o d i f i -  

c a t i o n  of t h e  j u n c t i o n  occurs. S e r i a l  s e c t i o n s  a n d  t i l t  e x -  

p e r i m e n t s  e x c l u d e  a p l a s m a  br idge w i t h  membrane f u s i o n s .  The 

t e c h n i q u e s  u s e d  do n o t  a l l o w  t o  o b s e r v e  e v e n t u a l l y  o c c u r r i n g  

pores of a s i z e  es t imated  t o  be below some 20 nm. 
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I N TRO DU CTI ON 

V i s u a l  i s a t i o n  i n  t h e  e l e c t r o n  microscope of c o n j u g a t i n g  

bacter ia  b y  t h i n  s e c t i o n s  i s  associated w i t h  s t a t i s t i c a l  a n d  

t e c h n i c a l  problems. I n  a c o n j u g a t i o n  m i x t u r e  a t  any  g i v e n  

m o m n t ,  o n l y  o n e  t o  t e n  o u t  of a t h o u s a n d  m a t i n g  p a i r s  are 

a c t u a l l y  t r ans fe r  i n g  DNA. I n  a d d i t i o n ,  t h e y  are r a n d o m l y  

o r i e n t e d  i n  space, so t h a t  t h e  c h a n c e  i s  v e r y  l o w  t o  see a 

rea l  c o n t a c t  i n  a c o n v e n t i o n a l l y  made t h i n  s e c t i o n .  The 

above c o n s i d e r a t i o n ,  pa i red  w i t h  t h e  r e l a t i v e l y  poor s t r u c -  

t u r a l  p r e s e r v a t i o n  of membranes w i t h  c o n v e n t i o n a l  p r o c e d u r e s  

l e d  t o  c o n t r o v e r s i a l  o b s e r v a t i o n s  i n  t h e  p a s t .  Gross a n d  

C a r 0  ( 1 9 6 6 )  f o u n d  t h a t  m a t i n g  p a i r s  h a d  - i n  t h e i r  nomen- 

c l a t u r e  - a "bridge o f  a b o u t  0 . 1  pm i n  d i a m e t e r  of  t h e  t w o  

c e l l  w a l l s  i n  a c lose j u x t a p o s i t i o n " .  I n  t e x t  b o o k s  f r e -  

q u e n t l y  " rea l  f u s i o n s "  b e t w e e n  t h e  c y t o p l a s m s  o f  t w o  ce l l s  

were g i v e n  as r e p r e s e n t i n g  c o n j u g a t i o n .  By t h e  f u s i o n  t u b e ,  

c e l l s  w e r e  k e p t  a t  a d i s t a n c e  of s o m e  1 0 0 0  A.  S c h r e i l  a n d  

C h r i s t e n s e n  ( 1 9  68 )  f o u n d  " c o n j u g a t i o n  b u b b l e s "  b e t w e e n  d o n o r  

a n d  r e c i p i e n t  c e l l s .  Under t h e  l i g h t  microscope O u  a n d  A n -  

d e r s o n  ( 1 9 7 0 )  s e p a r a t e d  i n d i v i d u a l  m a t i n g  p a i r s  w i t h  a m i -  

c r c a n a n i p u l a t o r  a n d  observed them d u r i n g  m a t i n g .  Some c e l l s ,  

a c c o r d i n g  t o  t h e  o b s e r v a t i o n s  of  t h e s e  a u t h o r s ,  w e r e  n e v e r  

i n  c lose w a l l  t o  w a l l  c o n t a c t  d u r i n g  m a t i n g ,  b u t  s u p p o s e d  t o  

be c o n n e c t e d  b y  p i l i  and i n  f i x e d  r e l a t i v e  p o s i t i o n s .  A f t e r  

30 min t h e  r e c i p i e n t s  c o u l d  be s e p a r a t e d  a n d  a n a l y s e d  as F 

t r a n s c o n j u g a n t s .  T h i s  r e s u l t  ra ised t h e  model  of DNA t r a n s -  

f e r  t h r o u g h  t h e  lumen  of p i l i  ( B r i n t o n ,  1 9 7 1 ) .  

+ 



- 62  - 

C u r t i s  ( 1 9 6 9 )  a n d  M a r v i n  a n d  Hohn ( 1 9 6 9 )  p r o p o s e d  t h a t  

F - p i l i  a c t  as c o n t a c t  m e d i a t o r s  b e t w e e n  d o n o r  a n d  r e c i p i e n t  

a n d  a re  p u l l i n g  t h e  c e l l s  t o g e t h e r  by r e t r a c t i o n .  A c h t m a n  e t  

a l .  ( 1 9 7 1 )  s t a r t e d  i n t e n s i v e  g e n e t i c  s t u d i e s  on t h e  i n v o l v e -  

ment of t h e  s i n g l e  F - p l a s m i d  coded g e n e s  i n  t h e  c o n j u g a -  

t i o n a l  DNA t r a n s f e r  i n  E. c o l i .  The r e s u l t s  o u t  o f  it h a v e  

r e c e n t l y  b e e n  r e v i e w e d  b y  W i l l e t s  and W i l k i n s  ( 1 9 8 4 )  a n d  by 

I p p e n - I h l e r  a n d  M i n k l e y  ( 1 9 8 6 ) .  G e n e t i c  da ta  s u g g e s t  t h a t  

c o n j u g a t i o n  is  p r o c e e d i n g  t h r o u g h  an o r d e r e d  series of  f u n c -  

t i o n a l  s t e p s ,  e a c h  b a s e d  on t h e  e x p r e s s i o n  of s p e c i f i c  t r a  

g e n e s .  M u t a n t s  i n  t r a  A,  L, E ,  K, B, V, W, C, U ,  F, H a n d  i n  

o n e  m o i e t y  o f  G do n o t  p r o d u c e  p i l i  a n d  c o n j u g a t e  w i t h  h i g h -  

l y  r e d u c e d  f r e q u e n c y .  Donor m u t a n t s  i n  t r a  N or i n  t h e  o t h e r  

m i e t y  of t r a  G a n d  r e c i p i e n t  m u t a n t s  i n  ompA fo rm s h e a r  

s e n s i t i v e  ( u n s t a b l e )  m a t i n g  p a i r s  t h a t  t r a n s f e r  DNA w i t h  re- 

d u c e d  f r e q u e n c y .  M u t a n t s  i n  t r a  M, D ,  I ,  2 a re  p i l i a t e d  and  

fo rm shea r  r e s i s t a n t  ( s t a b l e )  m a t i n g  p a i r s  t h a t  are d e f i -  

c i e n t  i n  t h e  DNA t r a n s f e r  a s s o c i a t e d  m e t a b o l i s m .  A s  a c o n -  

s e q u e n c e  of t h e s e  g e n e t i c  s t u d i e s ,  a s e q u e n t i a l  model  mecha- 

n i s m  f o r  DNA t r a n s f e r  h a s  b e e n  p r o p o s e d  by Willets ( 1 9 8 0 )  

t h a t  c o n t a i n e d  a s t e p  of s t a b l e  w a l l  t o  w a l l  c o n t a c t s  a n d  is 

c o n s i s t e n t  w i t h  m o s t  data  ava i lab le .  

I n  a more r e c e n t  review by W i l l e t s  a n d  W i l k i n s  ( 1 9 8 4 )  a n  

improved  v e r s i o n  o f  t h e  model f o r  DNA t r a n s f e r  w a s  p u b l i s h e d  

t h a t  now a c c o u n t s  f o r  a l l  g e n e t i c  data.  It a s s u m e s  a p l a s m a  

b r i d g e  w i t h  a f u s i o n  of i n n e r  a n d  o u t e r  membrane be tween  t h e  

m a t i n g  p a r t n e r s  a n d  t r a  D p r o t e i n  as a p o r e  f o r m e r .  P a n i c k e r  



- 6 3  - 

a n d  M i n k l e y  ( 1 9 8 5 )  d e m o n s t r a t e d  t h a t  t h e  s t e p  o f  s t a b i l i s e d  

w a l l  t o  w a l l  c o n t a c t  i s  a d e f i n e d  i n t e r m e d i a t e  i n  c o n j u g a -  

t i o n  a1 D N A - t r a n s f e r .  

Our a p p r o a c h  c o n s i s t e d  i n  d e s i g n i n g  e x p e r i m e n t s  s u c h  

t h a t  t h e  number of c o n j u g a t i o n a l  c o n t a c t s  w a s  so h i g h  t h a t  

t h e  observable number on m i c r o g r a p h s  w a s  s t a t i s t i c a l l y  s i g -  

n i f i c a n t  a n d  n o t  o n l y  a r a r e l y  o c c u r r i n g  s i t u a t i o n .  To 

a c h i e v e  t h i s  goa l ,  w e  d e p o s i t e d  preformed m a t i n g  p a i r s  f l a t  

on a n  a g a r  s u r f a c e .  Donor a n d  r e c i p i e n t  cel ls  w e r e  morpho- 

l o g i c a l l y  d i f f e r e n t  so as t o  e n a b l e  t h e  d i s t i n c t i o n  of  o n l y  

p a r e n t a l  pairs .  W e  c h o s e  a d e q u a t e  m u t a n t s  t o  a c h i e v e  t h a t  

more t h a n  5 0 %  of t h e  p a r e n t a l  c e l l s  were a s s o c i a t e d  i n  

p a i r s .  W e  u s e d  a d o n o r  m u t a n t  w h i c h  w a s  a r r e s t e d  i n  DNA 

t r a n s f e r ,  so as t o  observe t h e  c o n t a c t s  b e f o r e  DNA-t ransfer  

w a s  i n i t i a t e d .  I n  a n o t h e r  p a r e n t a l  c o m b i n a t i o n  w e  w e r e  ab le  

t o  p r o d u c e  p a i r s  of which  6 0 %  w e r e  i n  t h e  p r o c e s s  of  t r a n s -  

f e r r i n g  DNA. T h e s e  s t a t i s t i c a l l y  s u f f i c i e n t l y  h i g h  numbers 

allowed u s  t o  observe a v e r y  large p r o p o r t i o n  of m a t i n g  

p a i r s  w h i c h  showed t h e  s p e c i f i c  c o n j u g a t i o n a l  j u n c t i o n s .  On 

s i n g l e  m i c r o g r a p h s  it w a s  p o s s i b l e  t o  see several  s u c h  j u n c  

t i o n s .  
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MATERIALS AND METHODS 

M a t  er i a 1 s 

M9 m i n i m a l  medium w a s  made by  m i x i n g  1 0 0  m l  s a l t  mix- 

ture,  1 0 0  m l  4% g l u c o s e ,  10 m l  0 . 0 1  M C a C 1 2 ,  10 m l  0 . 1  M 

MgS04, 0.2 m l  f e r r i c  c i t r a t e  s o l u t i o n  w i t h  780  m l  H20. S a l t  

m i x t u r e  is 393 mM Na2HP04.2H20, 2 2 0  mM KH2P04, 86 mM N a C l  

a n d  1 8 7  mM NH4C1. M9 p l a t e s  w e r e  made by  a d d i n g  15 g Bacto 

agar Difco .  The s e l e c t i v e  p l a t e s  for h f r  mapping were sup-  

p l e m e n t e d  a f t e r  a u t o c l a v i n g  w i t h  1 m l / l  o f  a s t e r i l e - f i l -  

t e r e d  20% s o l u t i o n  of t h e  amino a c i d s  of  i n t e r e s t .  T r y p t o n e  

b r o t h  c o n t a i n s  1 0  g Bacto t r y p t o n e  Difco a n d  5 g Nacl i n  o n e  

1. H 2 0 .  For T r y p t o n e  t o p  (or  s o f t )  A g a r  7 g p e r  l i t e r  Bacto 

a g a r  D i f c o  w e r e  a d d e d .  F i l t r a t i o n  a g a r  p l a t e s  c o n t a i n  1 0  g 

Bacto t r y p t o n e  D i f c o ,  5 g N a C l  a n d  15 g a s h - f r e e  Nobel  a g a r  

i n  1333 m l  H 2 0 .  The medium i s  a u t o c l a v e d  a n d  30 m l  were 

p o u r e d  i n  petri d i s h e s  ( 0  90 m m ) .  P l a t e s  w e r e  l e f t  a t  room 

temperature u n t i l  t h e  medium had  l o s t  30% of  i t s  i n i t i a l  

w e i g h t  b y  e v a p o r a t i o n  ( u p  t o  t e n  d a y s ) .  P l a t e s  p r e p a r e d  t h i s  

way were a b l e  t o  s u c k  u p  5 m l  T r y p t o n e  b r o t h  i n  30 t o  60  

m i n u t e s .  

McConkey l ac  p l a t e s  c o n t a i n  20 g p e p t o n e ,  1.5 g b i l e  

s a l t  (Bacto N o .  3), 5 g N a C 1 ,  13.5 g Bacto agar D i f c o  and  7 

m l  1% n e u t r a l  r e d  s o l u t i o n  (Bacto) i n  993 m l  H 2 0 .  A f t e r  

a u t o c l a v i n g  30 m l  o f  t h e  above  s o l u t i o n  w e r e  p o u r e d  i n  p e t r i  

d i s h e s  ( 0  90 m m ) .  S e l e c t i v e  m e d i a  w e r e  p r e p a r e d  by a d d i n g  

e i t h e r  30 pg/ml s p e c t i n o m y c i n  or 1 0  pg/ml s t r e p t o m y c i n  or 30 

pg/ml kanamyc in  t o  t h e  l i q u i d  media before p o u r i n g .  
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S t r a i n s  a n d  p l a s m i d s  

The s t r a i n s  u s e d  are l i s t e d  i n  T a b l e  I .  All s t r a i n s  a n d  

p l a s m i d s  m a r k e d  w i t h  J C  w e r e  f r o m  t h e  c o l l e c t i o n  of Achtman 

e t  a l .  ( 1 9 7 1 ) .  The E.  c o l i  C 1 2 2  is  from t h e  B r i t i s h  C u l t u r e  

C o l l e c t i o n  a n d  has,  b e e n  c h o s e n  for  e l e c t r o n  microscopical 

e x p e r i m e n t s  b e c a u s e  of i t s  ovoid form a n d  i t s  p e r i p h e r a l  

f r a g m e n t e d  n u c l e a r  r e g i o n  w h i c h  w a s  d i f f e r e n t  from t h e  n o r -  

m a l  aspect of n u c l e a r  material  ( L i e b  e t  a l . ,  1 9 5 4 ;  G r o s  a n d  

C a r o ,  1 9 6 6 ) .  A lac- d e r i v a t i v e  h a s  b e e n  made b y  W l i g h t  i n -  

d u c e d  m u t a g e n e s i s .  H f r l  h a s  b e e n  c o n s t r u c t e d  as shown i n  

f l o w  c h a r t  I .  From t e n  t r a n s f e r i n g  c o n s t r u c t s  t h e  best w a s  

se lected,  named H f r l  a n d  mapped b y  m a t i n g  w i t h  AB1157:pBR325 

( H o w a r d  a n d  T h e r i o t ,  1 9 6 6 )  a n d  s e p a r a t e  m a r k e r  t r a n s f e r  ana- 

l y s i s .  

M a t i n g s  f o r  e f f i c i e n c y  d e t e r m i n a t i o n  

Donor  a n d  r e c i p i e n t  c u l t u r e s  w e r e  grown i n  1 0  m l  t r y p t o n  

b r o t h  on  a r o t a t i n g  w h e e l  f o r  a e r a t i o n  a t  t h e  t e m p e r a t u r e  

n e e d e d  t o  a c e l l  d e n s i t y  o f  4 x l o 8  p e r  m l .  1 ml o f  d o n o r  

a n d  r e c i p i e n t  e a c h  w e r e  mixed  i n  a prewarmed 250  m l  E r l e n -  

mayer f l a s k .  The m i x t u r e s  were i n c u b a t e d  w i t h o u t  s h a k i n g  i n  

a t h e r m o s t a t i s e d  chamber .  E v e r y  15 m i n u t e s  a n  a l i q u o t  o f  

0.05 m l  w a s  t a k e n ,  d i l u t e d  1OOx a n d  h e a v i l y  vortexed fo r  60  

s e c o n d s .  The s a m p l e s  w e r e  f u r t h e r  d i l u t e d  i n  p h o s p h a t e  b u f -  

fer  a n d  a n a l y s e d :  a )  f o r  r e c o m b i n a n t  r e c i p i e n t s  h a v i n g  re- 

c ieved  t h e  l a c  m a r k e r ,  b )  w i t h  an  a n t i b i o t i c  se lect ive for  

d o n o r s  a n d  c )  f o r  p r o t o t r o p h  r e c o m b i n a n t  r e c i p i e n t s .  The 

t o t a l  t i t e r  w a s  d e t e r m i n e d  on n o n s e l e c t i v e  McConkey l ac  

p l a t e s .  
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P r e p a r i n g  m o n o l a y e r s  

Donor  a n d  r e c i p i e n t  b a c t e r i a  w e r e  grown i n  1 0  m l  t r y p -  

t o n e  b r o t h  on  a r o t a t i n g  w h e e l  a t  t h e  t e m p e r a t u r e  n e e d e d  t o  

a c e l l  d e n s i t y  of 4 x 1 0  / m l .  2.5 m l  o f  e a c h  w e r e  mixed  i n  a 

prewarmed E r l e n m a y e r  f l a s k  and t h e n  p o u r e d  on  a prewarmed 

30% p red r i ed  f i l t r a t i o n  a g a r  p l a t e  ( i n i t i a l  volume 30 m l ,  90 

rwn diameter) c a r r y i n g  a p a p e r  d i sc  prepared as shown i n  F i g .  

1. The c iga re t t e  paper d i s c  (Job N o ,  8 0 7 5 ,  diameter 6 mm)  

h a d  b e e n  immersed i n t o  h o t  t r y p t o n e  t o p  agar (90OC) a n d  i m -  

m e d i a t e l y  p laced  on t h e  s u r f a c e  of t h e  f i l t r a t i o n  a g a r  p l a t e  

t o  ge t  a t h i n  a n d  f l a t  agar s u r f a c e .  A f t e r  30 min i n c u b a t i o n  

w i t h  t h e  m a t i n g  m i x t u r e ,  t h e  l i q u i d  w a s  s u c k e d  up  i n t o  t h e  

p l a t e s .  M a t i n g s  w i t h  H f r l  as d o n o r  w e r e  f u r t h e r  i n c u b a t e d  

a t  3OoC u p  t o  1 5 0  min .  M a t i n g s  w i t h  JC6296  as d o n o r  w e r e  

f u r t h e r  i n c u b a t e d  a t  37OC u p  t o  90  min. The d e n s i t y  a n d  

q u a l i t y  of t h e  m o n o l a y e r  w a s  c h e c k e d  from i d e n t i c a l l y  p r e -  

p a r e d  p l a t e s  i n  t h e  p h a s e  c o n t r a s t  l i g h t  m i c r o s c o p e .  

8 

C r y o f i x a t i o n  a n d  embedd ing  

The s p e c i m e n  on i t s  s u p p o r t  w a s  moun ted  i n  t w e e z e r s  a n d  

immersed i n t o  l i q u i d  p r o p a n e  a t  -190OC w i t h  a s p e e d  of  4 m /  

sec over a d i s t a n c e  of  70 mm. A f t e r  a s h o r t  s t o r a g e  i n  li- 

q u i d  n i t r o g e n ,  t h e  s p e c i m e n  w a s  p l a c e d  for  64  h a t  -9OOC i n  

a s u b s t i t u t i o n  medium c o n t a i n i n g  1% O s 0  i n  a c e t o n e  i n  pre- 

s e n c e  of m l e c u l a r  s i e v e  t o  adsorb water c o m p l e t e l y  ( 0 . 4  nm 

perl form; M e r c k ) .  The t e m p e r a t u r e  w a s  ra ised s t e p w i s e  a n d  

t h e  s a m p l e  w a s  embedded i n  Epon as  d e s c r i b e d  b y  Hobot et a l .  

( 1 9 8 4 ) .  Fo r  p o l y m e r i s a t i o n  s a m p l e s  w e r e  p u t  w i t h  t h e  mono- 

l a y e r  s i d e  down o n t o  t h e  f l a t  bottom of p o l y e t h e n  c a p s u l e s  

4 
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( B a l z e r s  Un ion  N o .  0 5 0 6 6 ) .  P o l y m e r i s e d  l i k e  t h a t ,  t h e  mono- 

l a y e r  i s  p r e o r i e n t e d  fo r  h o r i z o n t a l  s e c t i o n i n g  i n  a micro- 

t o m e .  I f  it h a s  t o  be s e c t i o n e d  v e r t i c a l l y ,  t h e  m o n o l a y e r  

w a s  c u t  o u t  w i t h  a s a w  a n d  g l u e d  on an  a l u m i n i u m  r o d  w i t h  a n  

angle  of 90° i n  a special device.  T h i n  sections w e r e  c u t  

w i t h  a d i a m o n d  k n i f e  on  an  LKB Ultramicrotome 111, s t a i n e d  

w i t h  4 %  a q u e o u s  u r a n y l  acetate a n d  lead  c i t r a t e  ( R e y n o l d s ,  

1 9 6 3 ) .  S e c t i o n s  w e r e  e x a m i n e d  i n  a P h i l i p s  3 0 0  e l e c t r o n  

microscope a t  80 kV, 
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RESULTS 

T r a n s f e r  e f f i c i e n c i e s  i n  1:l m a t i n g  m i x t u r e s  

F o r  l o o k i n g  a t  m o n o l a y e r s  o f  c o n j u g a t i n g  bacter ia  i n  t h e  

e l e c t r o n  microscope it i s  n e c e s s a r y  t o  m i x  d o n o r  a n d  reci- 

p i e n t  e a c h  i n  e q u a l  p r o p o r t i o n s .  The k i n e t i c s  o f  t h e  d i f f e r -  

e n t  1:l m i x t u r e s  u s e d  fo r  e l e c t r o n  m i c r o s c o p y  w a s  fol lowed 

t o  es t  ab1 i s h  c o n d i t i o n s  where  e l e c t r o n  m i c r o g r a p h s  c o u l d  

show more t h a n  50% of t h e  e x p e c t e d  m a t i n g  s p e c i f i c  c o n t a c t s .  

A s  r e c i p i e n t ,  t h e  ovoid C122 s t r a i n  ( w i t h  p e r i p h e r a l  " f r a g -  

men ted"  n u c l e o i d )  w a s  u s e d  ( L i e b  e t  a l . ,  1 9 5 5 )  b e c a u s e  it 

c a n  be d i s t i n g u i s h e d  f r o m  t h e  rod s h a p e d  d o n o r s  i n  t h e  elec- 

t r o n  microscope. C 1 2 2  h a s  a n o r m a l  amount  of  ompA, as w a s  

d e t e r m i n e d  b y  S D S - p o l y a c r y l a m i d  gel e lectrophoresis .  It h a s  

a l s o  h e p t o s e  c o n t a i n i n g  LPS, as w a s  d e t e r m i n e d  by s p e c i f i c  

p h a g e  a d s o r p t i o n  t e s t s  ( M a n o i l  & R o s e n b u s c h ,  1 9 8 2 ) .  The k i -  

n e t i c s  of l ac  t r a n s f e r  of 1:l m a t i n g  m i x t u r e s  b e t w e e n  d i f -  

f e r e n t  d o n o r s  a n d  C 1 2 2 -  a r e  shown i n  F i g .  2 .  The number of 

l ac  r e c o m b i n a n t s  w a s  d e t e r m i n e d  by  s e l e c t i n g  f o r  r e c i p i e n t s  

( spc  ) a n d  f o r  lac  marke r  t r a n s f e r  on McConkey l a c  p l a t e s  

c o n t a i n i n g  30 pg/ml s p e c t i n o m y c i n .  The  t r a n s f e r  b l o c k e d  mu- 

t a n t  i n  t h e  traI p r o t e i n  c o u l d ,  as e x p e c t e d ,  n o t  t r a n s f e r  

t h e  l a c  m a r k e r .  I n  t h e  l i g h t  microscope a n  i r revers ible ,  

s h e a r  r e s i s t a n t  a s s o c i a t i o n  of  bac t e r i a  c o u l d  be observed. 

The s a m e  d o n o r  b a c t e r i u m ,  b u t  t h i s  t i m e  c o n t a i n i n g  a w i l d -  

t y p e  F l ac  plasmid ( J C 3 2 7 2 F ) ,  r e a c h e d  a f te r  90 min  a b o u t  7 0 %  

of s u c c e s s f u l  l a c  t r a n s f e r .  A 1:l m a t i n g  m i x t u r e  b e t w e e n  t h e  

sex f a c t o r l e s s  JC3272  a n d  C122-  w a s  a l s o  n o t  able t o  t r a n s -  

fer  t h e  l a c  m a r k e r  ( c o n t r o l )  a n d  d i d  n o t  a g g r e g a t e .  Wi th  a 

R 
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t r a n s f e r  b l o c k e d  t r a I  m u t a n t  it w a s  t h e r e f o r e  poss ib l e  t o  

a c c u m u l a t e  s tab le  w a l l  t o  w a l l  c o n t a c t s  b e t w e e n  as much as  

70% of t h e  bacter ia  p r e s e n t  a f te r  90 min of  i n c u b a t i o n .  

Fo r  p r o v i d i n g  a n o t h e r  s a m p l e  f o r  e l e c t r o n  m i c r o s c o p y ,  

w h e r e  more t h a n  50% o f  t h e  observed bacteria p r e s e n t  w e r e  

a c t u a l l y  t r a n s f e r i n g  DNA, t h e  c o n s t r u c t i o n  o f  a h f r  s t r a i n  

w a s  n e c e s s a r y .  As plasmid t o  be i n s e r t e d  i n t o  t h e  E .  c o l i  

c h r o m o s a n e ,  JCFL39 (traDtS) w a s  c h o s e n .  T h i s  F - p l a s m i d  i n  

JC3272 (1.e. J C 6 1 4 0 )  w a s  u s e d  b y  P a n i c k e r  a n d  M i n k l e y  ( 1 9 8 5 )  

t o  d e m o n s t r a t e  t h a t  DNA t r a n s f e r  occurs d u r i n g  c e l l  s u r f a c e  

c o n t a c t  s tage  b y  t e m p e r a t u r e  s h i f t  e x p e r i m e n t s .  The b a s i c  

s t r a i n  JC3272  h a s  a d e f e c t  i n  t h e  DNA r e p a i r  s y s t e m s  res- 

p o n s i b l c  f o r  h f r  i n s e r t i o n  ( C .  M a n o i l ,  pers. comm.) t h a t  

makes it a n  i d e a l  h o s t  f o r  s t a b l e  m a i n t e n a n c e  of chromosome 

i n d e p e n d e n t  F - p l a s m i d s .  

To be able  t o  i n d u c e  an h f r - f o r m a t i o n  b e t w e e n  JCFL39 a n d  

t h e  bac t e r i a l  c h r o m s o m e ,  t h e  JCFL39 w a s  i n t r o d u c e d  i n t o  t h e  

s t r a i n  WA3110 lac-.  H f r  i n s e r t s  w e r e  s e l e c t e d  as d e s c r i b e d  

i n  Materials a n d  Methods .  The s e l e c t e d  h f r  were t h e n  recom- 

b i n e d  b y  m a t i n g  t o  JC3272  i n  order t o  h a v e  g e n e t i c  p r o p e r -  

t i e s  o f  b o t h  s t r a i n s  WA3110 lac-  ( p r o t o t r o p h y )  a n d  JC3272 

( s t r A  , i n d e p e n d e n t  m a i n t e n a n c e ) .  The c l o n e s  w e r e  t e s t ed  f o r  

p o s s e s s i n g  a complete bac te r i a l  chromosome w i t h  an i n s e r t e d  

c o m p l e t e  F - p l a s m i d  b y  t h e i r  a b i l i t y  t o  be able t o  t r a n s f e r  

a l l  se lectable  m a r k e r s  more t h a n  o n c e .  One o f  t hem ( H f r l )  

w a s  c h o s e n  a n d  mapped b y  h f r  mapping  w i t h  AB1157:: pBR325. 

The mapp ing  i s  shown i n  F i g .  3 a .  The JCFL39-plasmid  h a s  been  

i n s e r t e d  b e t w e e n  0 '  a n d  1 . 7 '  on  t h e  s t a n d a r d  E. c o l i  K 1 2  map 

( F i g .  3 b ) .  Lac p o s i t i v e  r e c i p i e n t s  c o l l e c t e d  30 m i n  a f t e r  

R 
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s t a r t  of m a t i n g  w e r e  n o t  able t o  t r a n s f e r  t h i s  m a r k e r  i n  

f u r t h e r  m a t i n g s .  Lac p o s i t i v e  r e c i p i e n t s  c o l l e c t e d  2 4 0  min 

a f te r  s t a r t  of m a t i n g  w e r e  ab le  t o  t r a n s f e r  l a c  i n  f u r t h e r  

m a t i n g s .  T h e r e f o r e  t h e  t r a n s f e r  s t a r t s  a t  o r i T  a n d  t h e  DNA 

is t r a n s f e r r e d  i n  t h e  f o l l o w i n g  order: F i r s t  F - p l a s m i d  c o d e d  

lac ,  t h e n  t h e  bac te r ia l  chromosome s t a r t i n g  w i t h  l e u c i n e  a n d  

a t  t h e  e n d  t h e  rest  of t h e  F - p l a s m i d  c o n t a i n i n g  t h e  t r a -  

f u n c t i o n s  (Fig.  3 b ) .  The p l a s m i d  is m o s t  p r o b a b l y  i n s e r t e d  

i n t o  t h e  c h r o m s o m e  v i a  t h e  y 6  s e q u e n c e  or o n e  of t h e  I S -  

e l e m e n t s  c o d i n g  b e t w e e n  0 a n d  20 k b  on t h e  F -p la smid .  The 

i n s e r t i o n  l o c u s  is  v e r y  n e a r  t o  t h a t  o f  h f r H .  

I n  a 1:l m a t i n g  of H f r l  w i t h  J C 5 4 8 4  a t  3OoC t h e  k i n e t i c s  

of t h e  l a c  m a r k e r  t r a n s f e r  ( r e p r e s e n t i n g  an  e a r l y  m a r k e r )  o f  

t h e  number of p r o t o t r o p h  r e c a n b i n a n t s  ( r e p r e s e n t i n g  l a t e  

m a r k e r s )  a n d  t h e  r a t i o  of d o n o r  t o  r e c i p i e n t  w e r e  f o l l o w e d  

( F i g .  4 ) .  From t h e s e  d a t a  w e  c a l c u l a t e  t h a t  a f t e r  1 5 0  min  of 

i n c u b a t i o n ,  a b o u t  60% o f  t h e  bacter ia  p r e s e n t  ( l a c  r e c o m b i -  

n a n t s  m i n u s  p r o t o t r o p h  r e c o m b i n a n t s )  a re  a t  t h e  s t a t e  of 

t r a n s f e r i n g  DNA from d o n o r  t o  r e c i p i e n t .  The i n i t i a t i o n  of 

t r a n s f e r  a n d  t h e  DNA t r a n s f e r  i t s e l f  is slower w i t h  t h e  

traDtS m u t a n t  a t  t h e  permissive t e m p e r a t u r e  o f  3OoC t h a n  

w i t h  t h e  w i l d t y p e  plasmid as c a n  be s e e n  i n  F ig .  2 .  when t h e  

t r a n s f e r  c u r v e  of H f r l  x C122-::pBR325 i s  compared w i t h  t h e  

curve fo r  JC3272F x C122-. A l l  t r a n s f e r  e f f i c i e n c i e s  w e r e  

d e t e r m i n e d  i n  n o n a g i t a t e d  l i q u i d  c u l t u r e s .  Even h i g h e r  e f f i -  

c i e n c i e s  c a n  be expected i f  m a t i n g  p a i r s  h a d  b e e n  c o l l e c t e d  

as a m n o l a y e r  on  a n  agar s u r f a c e  b e c a u s e  t h e y  a r e  n o t  a t  

a l l  e x p o s e d  t o  h y d r o d y n a m i c  forces. 

+ 
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T e m p e r a t u r e  s h i f t  e x p e r i m e n t s  h a v e  b e e n  c o n s i d e r e d  t o  be 

a p p l i e d  on s t a b l e  m a t i n g  p a i r s  c o l l e c t e d  a t  n o n p e r m i s s i v e  

temperatures a n d  t h e n  t o  i n i t i a t e  t r a n s f e r  by  a s h i f t  t o  

permiss ive  t e m p e r a t u r e .  The e x p e r i m e n t s  showed t h a t  t h e  re- 

ac t iva t ion  of t h e  t r a D  f u n c t i o n  t o o k  more t h a n  f o u r  h o u r s ;  

m e a n w h i l e  t h e  r a t i o  of d o n o r  t o  r e c i p i e n t  w a s  i n c r e a s i n g  

d r a s t i c a l l y  b e c a u s e  of u n e q u a l  g rowth  ra tes .  

E l e c t r o n  m i c r o s c o p y  of  m a t i n g  p a i r s  

T h r e e  s a m p l e s  h a v e  b e e n  c h o s e n  f o r  d e m o n s t r a t i n g  d i f -  

f e r e n t  t y p e s  of c e l l  t o  c e l l  c o n t a c t s  i n  t h i n  s e c t i o n s .  

F i r s t  a s e x - f a c t o r l e s s  m a t i n g  b e t w e e n  J C 3 2 7 2  a n d  C 1 2 2 -  a f t e r  

90 min a t  37OC ( F i g .  S a ,  c o n t r o l ) ,  s e c o n d  a t r a I -  t r a n s f e r  

b l o c k e d  m a t i n g  be tween  J C 6 2 9 6  a n d  C 1 2 2 -  a f t e r  90  m i n  a t  37OC 

( F i g .  5 b )  a n d  t h i r d  a p r o l o n g u e d  m a t i n g  b e t w e e n  H f r l  a n d  

C 1 2 2 -  a f t e r  1 5 0  min  a t  3OoC ( F i g .  5 c ) .  H o r i z o n t a l  t h i n  sec- 

t i o n s  t h r o u g h  a mono laye r  of b a c t e r i a  a l w a y s  show l o n g i t u d i -  

n a l l y  c u t  bac t e r i a ,  b e c a u s e  t h e  a x i s  of t h e  r o d s  is p o s i -  

t i o n e d  p a r a l l e l  t o  t h e  a g a r  s u r f a c e  (see M a t e r i a l s  and  M e -  

t h o d s ) .  D u r i n g  i n c u b a t i o n  on t h e  a g a r  s u r f a c e  b e f o r e  c r y o -  

f i x a t i o n  t h e  bacteria a re  s t i l l  g rowing  e x p o n e n t i a l l y .  Under 

these c o n d i t i o n s ,  C 1 2 2 -  is no  more o v o i d  b u t  h a s  a r o d - l i k e  

a p p e a r a n c e .  The p e r i p h e r a l  " f r a g m e n t e d "  n u c l e o i d  ( d e f i n e d  as 

ribosane f ree  s p a c e ,  Hobot e t  a l . ,  1 9 8 5 )  i s  s t i l l  v i s i b l e .  

I n  a v e r a g e  t h e  rods of  C 1 2 2 -  h a v e  a l a r g e r  d i a m e t e r  a n d  t h e y  

c o n t a i n  s t a r c h  q-ranula.  The d o n o r  s t r a i n  J C 3 2 7 2  a n d  i t s  

d e r i v a t i v e s  show a c l e f t ,  b u t  c o n f i n e d  s h a p e  o f  t h e  n u c l e o i d  

(Hobot  e t  a l . ,  1 9 8 5 ) .  I n  t h e s e  p r e p a r a t i o n s ,  t h r e e  morpho- 

l o g i c a l l y  d i s t i n c t  t y p e s  of c o n t a c t s  are f o u n d ,  w h i c h  are: 
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1) septates  of d i v i d i n g  bac te r ia ;  t h e y  a re  f o u n d  i n  a l l  

t h r e e  p r e p a r a t i o n s  ( i n  F i g .  5 t h e y  a re  marked  as A ) ;  ii) 

y u x t  apos it i o  n s  of membran es a p p a r e n t l y  w i t h o u t  i n t e r a c t  i o n  ; 

t h e y  a r e  f o u n d  i n  a l l  t h r e e  p r e p a r a t i o n s  ( i n  Fig.  5 t h e y  are 

m a r k e d  as B ) ;  iii) c o n j u g a t i o n  specif ic  c o n t a c t s :  t h e y  are 

f o u n d  i n  t r a n s f e r - b l o c k e d  p r e p a r a t i o n s  a n d  t r a n s f e r i n g  pre- 

p a r a t i o n s  e x c l u s i v e l y  ( i n  F i g .  5 t h e y  a re  m a r k e d  as C ) .  A 

s t a t i s t i c a l  e v a l u a t i o n  of t h e s e  c o n t a c t s  i s  g i v e n  i n  t ab l e  

11. The  c o n j u g a t i o n  specific c o n t a c t s  are  c h a r a c t e r i s t i c  by  

t h e  p r e s e n c e  of a n  e l e c t r o n  d e n s e  ( d a r k )  l i n e  i n  b e t w e e n  t h e  

o u t e r  membranes of t h e  c o n j u g a t i n g  p a r t n e r s .  N o  f u s i o n s  or 

v i s i b l e  gaps c o u l d  be f o u n d  i n  se r ia l  s e c t i o n s  s p a n n i n g  t h e  

contac t  area f r o m  t o p  t o  b o t t o m  ( F i g .  6 ) .  S i n c e  s e c t i o n s  

h a v e  a t h i c k n e s s  of a b o u t  60 nm, smaller  s t r u c t u r e s  c o u l d  be 

h i d d e n  i n s i d e  or s m a l l  s t r u c t u r e s  c o u l d  be masked  by s u p e r -  

p o s i t i o n .  T o  e x p l o r e  t h e s e  p o s s i b i l i t i e s ,  t i lt  series f rom 

- 6 O O  t o  + 6 0 °  a l o n g  a h o r i z o n t a l  a x i s  p o s i t i o n e d  w i t h i n  t h e  

c o n t a c t  area h a v e  b e e n  c a r e f u l l y  e x a m i n e d .  N o  p a r t i c u l a r ,  

c h a r a c t e r i s t i c a l l y  d e f i n e d  s u b s t r u c t u r e s  a r e  f o u n d .  F i g u r e  7 

i s  a s tereopair  o f  m i c r o g r a p h s  i n  t i l t  a n g l e s  of - + 20°. Sub- 

s t r u c t u r e s  i n  c o n j u g a t i o n  c o n t a c t s  t h a t  a re  r e l a t e d  t o  t h e  

DNA t r a n s f e r  m u s t  be smal le r  t h a n  t h e  r e s o l u t i o n  of a b o u t  

50 A achieved  i n  t h e  t h i n  s e c t i o n s  p r e s e n t e d .  
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D I S C U S S I O N  

The s t e r e o p i c t u r e s  of c o n t a c t  of DNA t r a n s f e r r i n g  p a i r s  

( F i g .  7 )  m i g h t  be i n t e r p r e t e d  as shown i n  t h e  scheme of  F i g .  

8. W i t h o u t  any doubt, t h e  o u t e r  membranes of  t h e  t w o  p a r t -  

n e r s  are  c o n n e c t e d  i n  a v e r y  t i g h t  way. T h i s  z o n e  of c o n t a c t  

i s  s t r o n g l y  s t  a i n e d  s u g g e s t i n g  t h e  p r e s e n c e  of a pr o t e i n o u s ,  

g l u e - l i k e  s u b s t a n c e  i n  b e t w e e n  t h e  t w o  o u t e r  membranes.  I n -  

deed, t h e  t h i c k n e s s  of  t h e  c o n t a c t  area is  more t h a n  t w i c e  

t h a t  of an  o u t e r  membrane. T h r o u g h o u t  t h e  w h o l e  c o n t a c t  area 

no f u s i o n  b e t w e e n  t h e  i n n e r  membranes o f  t h e  d o n o r  a n d  t h e  

r e c i p i e n t  are  v i s i b l e .  I n  d o n o r  as w e l l  as i n  r e c i p i e n t  

c e l l s  t h e r e  a re  m o l e c u l e s  v i s i b l e  t h a t  h a v e  a g l o b u l a r  do- 

m a i n  i n  t h e  i n n e r  membrane a n d  e x t e n d  a f i b r i l l a r  domain 

i n t o  t h e  p e r  i p l  asmic g e l ,  b u t  no c o n t i n u o u s  c h a n n e l - l i k e  

s t r u c t u r e  e x i s t s  t h a t  c o n n e c t s  t h e  i n n e r  membrane of t h e  

d o n o r  c e l l  w i t h  t h e  i n n e r  membrane of  t h e  r e c i p i e n t  c e l l .  

The a m u n t  of t h e s e  s t r u c t u r e s  i s  a b o u t  t h e  same i n  d o n o r s  

a n d  r e c i p i e n t  c e l l s .  The i n n e r  membrane o f  t h e  d o n o r  i s  n o t  

d i s t i n g u i s h a b l e  b y  a n y  v i s i b l e  d e t a i l  f r o m  t h e  i n n e r  mem- 

b r a n e  of t h e  r e c i p i e n t .  From t h e  a s p e c t  on m i c r o g r a p h s ,  w e  

d e f i n e d  t h e  c o n j u g a t i o n  s p e c i f i c  c o n t a c t s  as c o n j u g a t i o n a l  

j u n c t i o n s .  S i n c e  DNA i s  p a s s i n g  t h r o u g h  t h e s e  j u n c t i o n s ,  a 

m u l t i  e l e m e n t a l  mechanism f o r  t h e  DNA- t rans fe r  w i t h  d imen-  

s i o n s  smaller t h a n  50 A h a s  t o  be s u p p o s e d .  

The  membranes of t h e  t w o  p a r t n e r s  i n v o l v e d  i n  t h e  c o n -  

j u g a t i o n  h a v e  a c o m p l e t e l y  d i f f e r e n t  s e t  of c o n j u g a t i o n  

spec i f ic  p r o t e i n s .  The d o n o r  h a s  a l l  t h e  p r o t e i n s  t h a t  a r e  

e n c o d e d  on  t h e  F - p l a s m i d .  TraA,L, E ,  K ,  B , V , C ,  W , U ,  F,Q,H,G are  



- 7 4  - 

i n v o l v e d  i n  p i l i  e x p r e s s i o n ,  traN a n d  G are  r e s p o n s i b l e  for 

s t a b i l l s a t i o n  of w a l l  t o  w a l l  c o n t a c t s ,  t raS a n d  T p r o v i d e  

t h e  s u r f a c e  e x c l u s i o n  f u n c t i o n s  a n d  o r i T ,  t r a M , Y , D , I , Z  a r e  

r e s p o n s i b l e  f o r  t r i g g e r i n g  or DNA metabol ism d u r i n g  t r a n s f e r  

( I p p e n - I h l e r  & M i n k l e y ,  1 9 8 6 ) .  The i n t r a c e l l u l a r  l o c a t i o n  

( I M ,  OM or c y t o p l a s m )  of t h e s e  p r o t e i n s  w a s  d e t e r m i n e d  by  

b i o c h e m i c a l  m t h o d s ,  b u t  does n o t  a l low a d e f i n i t i o n  of 

t h e i r  precise f u n c t i o n .  

The o n l y  fac tors  n e e d e d  for t h e  r e c i p i e n t  t o  be an  e f f i -  

c i e n t  p a r t n e r  are  o m p A  a n d  a h e p t o s e  c o n t a i n i n g  l i p o p o l y -  

s a c c h a r i d e  i n  t h e  o u t e r  membrane ( M a n o i l  & R o s e n b u s c h ,  1 9 8 2 ) .  

P r o b a b l y  some f u r t h e r  i n d i s p e n s a b l e  factors  a r e  n e e d e d  i n  

t h e  r e c i p i e n t  t o  e n a b l e  DNA- t rans fe r  t h a t  h a v e  n o t  y e t  b e e n  

t e s t ed  ( e . g .  s u g a r  u p t a k e  s y s t e m s :  see l a t e r  i n  D i s c u s s i o n ) .  

The p o s s i b i l i t y  t h a t  p r o t e i n s  are e x p o r t e d  f r o m  t h e  d o n o r  

i n t o  t h e  r e c i p i e n t  d u r i n g  m a t i n g  h a s  b e e n  p r o p o s e d ,  b u t  w a s  

n e v e r  s u b s t a n t i a t e d  by  c o n v i n c i n g  e x p e r i m e n t s .  

W e  d e f i n e  t h e  o u t e r  membrane p l u s  t h e  p e p t i d o g l y c a n  

l a y e r  as bac te r i a l  c e l l  w a l l .  A c c o r d i n g  t o  o u r  p i c t u r e s ,  t h e  

c o n j u g a t i o n  specif ic  j u n c t i o n s  a re  i n t e n s i v e  c o n t a c t s  be- 

t w e e n  t h e  c e l l  w a l l s  of d o n o r  a n d  r e c i p i e n t .  When t h e  c u r v e s  

f o r  p r o t o t r o p h y  a n d  l a c - t r a n s f e r  i n  F i g .  4 are  compared  a t  

t = 1 5 0  min ,  6 among 1 0  c o n j u g a t i o n  s p e c i f i c  j u n c t i o n s  ( %  

l a c - t r a n s f e r  - % p r o t o t r o p h s )  b e t w e e n  bacteria i n  t h e  mix- 

t u r e  of H f r l  x C 1 2 2  s h o u l d  a c t u a l l y  t r a n s f e r  DNA. T h e r e f o r e ,  

t h e  p r o b a b i l i t y  i s  h i g h  t h a t  wha t  w e  see are  ac t ive  j u n c -  

t i o n s .  P r e v i o u s  e x p e r i m e n t s  t h a t  w e r e  d o n e  w i t h  u n d e f i n e d  

c u l t u r e s  a n d  w i t h o u t  o r i e n t a t i o n  i n t o  a m o n o l a y e r  r e s u l t  i n  

a p r o b a b i l i t y  wh ich  i s  below any r e a l i s t i c  number (Gross  & 
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C a r o ,  1 9 6 6 ;  S c h r e i l  & C h r i s t e n s e n ,  1 9 6 8 ) .  The th ree  t y p e s  

( F i g .  5 ,  T a b l e  11) of i n t e r b a c t e r i a l  c o n t a c t s  h a d  i n d e e d  

n e v e r  b e e n  shown b e f o r e .  The c o n t a c t s  of t h e  t y p e  C a re  

c l e a r l y  r e l a t ed  t o  c o n j u g a t i o n .  The t h i c k n e s s  of  a t h i n  sec- 

t i o n  ( 7 0 0  A )  c a n n o t  show t h e  t o t a l  area o f  t h e  c o n j u g a t i o n  

spec i f ic  j u n c t i o n .  T h e r e f o r e  s e r i a l  s e c t i o n s  h a v e  b e e n  made 

a n d  t h e  j u n c t i o n s  were s c r e e n e d  t h r o u g h o u t  for more d e t a i l s ,  

b u t  t h e y  h a d  a u n i f o r m  a s p e c t .  T h e r e  is n o  v i s i b l e  d i f f e r -  

e n c e  b e t w e e n  t h e  j u n c t i o n s  of arrested a n d  D N A - t r a n s f e r r i n g  

m a t i n g s ,  t h e r e f o r e  t h e  c o m p o n e n t s  o f  t h e  t r a n s f e r  mechanism 

mus t  be smaller t h a n  w h a t  c a n  be observed b y  t h i n  s e c t i o n s  

i n  e l e c t r o n  m i c r o g r a p h s .  P i l i  are too  sma l l  s t r u c t u r e s  ( 20 

A i n t e r n a l  t u b e  diameter)  t o  be s e e n  i n  s u c h  s e c t i o n s  ( F o l k -  

h a r d  e t  a l . ,  1 9 7 9 )  a n d  w e  c a n n o t  e x c l u d e  t h e  h y p o t h e s i s  t h a t  

r e m a i n s  of p i l i  do f o r m  a pore r e a c h i n g  f r o m  t h e  i n n e r  mem- 

b r a n e  of t h e  d o n o r  t o  t h e  i n n e r  membrane of  t h e  r e c i p i e n t .  

Our da ta  c o n f i r m  t h e  m o d e l s  f o r m u l a t e d  a b o u t  t h e  mecha- 

n i s m  of bac te r ia l  c o n j u g a t i o n  p u b l i s h e d  e a r l i e r  i n  r e v i e w s  

(Willets & W i l k i n s ,  1 9 8 4 ;  Wil le ts  & S k u r r a y ,  1 9 8 0 ) .  I n  t h e  

p r o p o s e d  models, t h e  DNA i s  t r a n s f e r r e d  by  t h e  h e l p  of  p l a s -  

m a  b r i d g e  r e s u l t i n g  f rom a f u s i o n  of t h e  i n n e r  a n d  o u t e r  

membranes  of t h e  t w o  p a r t n e r s .  W e  c a n n o t  s u p p o r t  t h i s  p a r t  

of t h e  w o r k i n g  h y p o t h e s i s ,  t h e r e f o r e  w e  t r y  t o  r e f i n e  t h e  

e x i s t i n g  mechan i sm f o r  t h e  DNA t r a n s f e r  t o  make it a l s o  con-  

s i s t e n t  w i t h  o u r  new e l e c t r o n  microscopic data.  TraD may 

f o r m  a p o r e l i k e  s t r u c t u r e  r e a c h i n g  t h r o u g h  t h e  i n n e r  mem- 

b r a n e  a n d  t h e  c e l l  w a l l  o f  t h e  d o n o r .  The DNA i s  d r i v e n  by a 

p r o b a b l y  membrane bound  h e l i c a s e  ( t r a I  p r o t e i n )  t h r o u g h  t h e  

pore formed by t raD (Wi l l e t s  & W i l k i n s ,  1 9 8 4 )  i n t o  t h e  p e r i -  
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p l a s m i c  g e l  o f  t h e  r e c i p i e n t .  I n  t h e  r e c i p i e n t  t h e r e  is  no  

F - p l a s m i d  coded p r o t e i n  i n  t h e  i n n e r  membrane s u c h  as t r a D .  

I n  t h i s  d e t a i l  t h e  u p t a k e  mechanism h a s  t o  be d i f f e r e n t  from 

t h e  o n e  prcposed ( W i l l e t s  & W i l k i n s ,  1984). A c o n c e i v a b l e  

mechanism w o u l d  be a similar u p t a k e  of t h e  DNA i n t o  t h e  re- 

c i p i e n t  l i k e  t h e  i n f e c t i o n  of b a c t e r i o p h a g e  X ( S c a n d e l l a  & 

A r b e r ,  1974, 1976; E l l i o t  & A r b e r ,  1978; E r n 1  e t  a l . ,  19871, 

w h e r e  DNA i s  i n j e c t e d  i n t o  t h e  periplasmic ge l  a n d  t h e n  

t r a n s p o r t e d  t h r o u g h  t h e  i n n e r  membrane b y  t h e  s u g a r  u p t a k e  

s y s t e m  f o r  manose  (p tsM) .  I n  a n a l o g y ,  any  p o r e - f o r m e r  con-  

n e c t e d  w i t h  t h e  metabolism of n u t r i e n t s  c o u l d  be " m i s s u s e d "  

i n  c o n j u g a t i o n  f o r  DNA u p t a k e .  Such a p r i n c i p l e  h a s  p r o b a b l y  

n o t  y e t  b e e n  detected b e c a u s e  t h e s e  metabolic s y s t e m s  are 

u b i q u i t o u s .  However, t h e r e  are some h i n t s  i n  l i t e r a t u r e  t h a t  

s u g a r  m e t a b o l i s m  i s  i m p o r t a n t  f o r  c o n j u g a t i o n ,  e . g .  t h e  up- 

t a k e  of RNA d u r i n g  R17 i n f e c t i o n  is p i l i  m e d i a t e d  a n d  depen-  

d e n t  on  t h e  s u g a r  source on wh ich  t h e  bac t e r i a  h a d  been  

grown ( O ' C a l l a g h a n  e t  a1 ., 1973; D a n z i g e r  & P a r a n c h y c h ,  

1978). The u p t a k e  o f  RNA grown on g l u c o s e  ( p t s G  e x p r e s s e d )  

c o u l d  n o t  be p r e v e n t e d  by  s u g a r  a n a l o g u e  i n h i b i t o r s  as it 

w a s  possible f o r  bacteria grown on  g l y c e r o l .  It m i g h t  a l s o  

be possible t h a t  DNA i s  t a k e n  u p  i n t o  t h e  r e c i p i e n t  d u r i n g  

c o n j u g a t i o n  t h r o u g h  i o n  t r a n s p o r t  s y s t e m s .  I n c r e a s e d  c o n c e n -  

t r a t i o n s  of N a  or K+ i n  t h e  medium d u r i n g  c o n j u g a t i o n  f a c i -  

l i t a t e  t h e  m a t i n g  e f f i c i e n c i e s  ( S i n g e l t o n ,  1983). 

+ 

It h a s  b e e n  shown a l r e a d y  t h a t  t h e  w h o l e  mechan i sm of 

c o n j u g a t i o n  goes t h r o u g h  a series o f  d e f i n e d  i n t e r m e d i a r y  

s t a g e s .  I n  a l l  r e c e n t l y  p r e s e n t e d  models (Willets & S k u r r a y ,  

1980; P a n i c k e r  & M i n k l e y ,  1985), t h e  r o l e  of  p i l i  i s  c l e a r l y  
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t h e  m e d i a t i o n  of c o n t a c t  b e t w e e n  d o n o r  a n d  r e c i p i e n t  a n d  t h e  

DNA t r a n s f e r  i s  performed a t  t h e  s t a t e  o f  s t a b i l i s e d  w a l l  t o  

w a l l  c o n t a c t .  The  h y p o t h e s i s  t h a t  DNA is  t r a n s f e r r e d  t h r o u g h  

r e m a i n s  of p i l i  i s  h i g h l y  i m p r o b a b l e  s i n c e  t r a D  m u t a n t s  do  

n o t  t r a n s f e r  DNA a n d  s t a b i l i s e d  m a t i n g  p a i r s  a re  a c c u m u l a t -  

ed. M a t i n g  p a i r s  i n  s t a b i l i s e d  w a l l  t o  w a l l  c o n t a c t  c a n  be 

collected b y  a t r a D t s  m u t a n t  a t  n o n  permissive t e m p e r a t u r e  

a n d  freed of p i l i  b y  SDS t r e a t m e n t .  A f t e r  t h e  s t ab le  m a t i n g  

p a i r s  w e r  e s h i f t e d  t o  t h e  permissive temper a tu re  , w h e r e  t r  a D  

i s  f u n c t i o n a l ,  t h e y  w e r e  able t o  t r a n s f e r  DNA ( P a n i c k e r  & 

M i n k l e y ,  1 9 8 5 ) .  T h e r e f o r e ,  t h e  p i l u s  seems t o  be t h e  o r g a n  

t h a t  p rovides  t h e  f i r s t  c o n t a c t  b e t w e e n  extended p a i r s  a n d  

mediates closer c o n t a c t  by  r e t r a c t i o n  ( a  mechan i sm t h a t  i s  

n o t  y e t  f u l l y  u n d e r s t o o d ) .  I n  a d d i t i o n ,  t h e  p i l u s  h a s  possi-  

b l y  t h e  f u n c t i o n  of t r a n s m i t t i n g  somehow a s i g n a l  t h r o u g h  

t h e  i n s i d e  a f t e r  s u c c e s s f u l  c o n t a c t  f o r m a t i o n  wh ich  m i g h t  

t r i g g e r  t h e  DNA t r a n s f e r  m e t a b o l i s m  ( B r i n t o n ,  1 9 7 4 ;  Dat te  e t  

a l . ,  1 9 7 7 ;  He lmuth  & Achtman, 1 9 7 8 ;  F r o s t  e t  a l . ,  1984  a n d  

L. F r o s t . ,  pers. c o m m . ) .  To  be able t o  p e r f o r m  t h e s e  f u n c -  

t i o n s  t h e  t i p  a n d  t h e  base o f  p i l i  seem t o  be composed o f  

d i f f e r e n t  p r o t e i n s  t h a n  p i l i n  ( F r o s t  e t  a l . ,  1 9 8 6 ;  Worobec 

e t  a1 ., 1 9 8 6 ) .  The  p r o t e i n  s i t t i n g  a t  t h e  base o f  p i l i  i s  

s u s p e c t e d  t o  be traM which  is  i n v o l v e d  i n  t r i g g e r i n g  t h e  DNA 

m e t a b o l i s m  (Achtman e t  a l . ,  1971 ;  W i l l e t s  & W i l k i n s ,  1 9 8 4 ) .  

The c o n j u g a t i o n  s p e c i f i c  j u n c t i o n s  t h a t  w e r e  shown i n  t h i s  

paper a n d  t h e  DNA t r a n s f e r  seems t o  be t h e  r e s u l t  of an 

ordered cascade of r e g u l a t o r y  s t e p s  t h a t  a re  as  y e t  o n l y  

p o o r l y  u n d e r  s tood.  
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W e  have drawn a mechanism f o r  bac t e r i a l  c o n j u g a t i o n  

( F i g .  9 )  t h a t  i s  a r e f i n e m e n t  of t h e  m o d e l s  p r e s e n t e d  by 

W i l l e t s  & W i l k i n s  ( 1 9 8 0 )  a n d  by P a n i c k e r  & M i n k l e y  ( 1 9 8 5 )  

c o n t a i n i n g  t h e  i m p r o v e m e n t s  d e d u c e d  from m i c r o g r a p h s  of 

c o n j u g a t i o n a l  j u n c t i o n s .  
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CHART I 

3OoC 

J C  6140  X WA3110 l a c -  

a u x o t r o p h  pr o t  o t r o p h  

d i l u t i o n  i n t o  M9 m i n i m a l  

l i q u i d  c u l  t u r e  

r e d  c l o n e s  are 
WA3110 l ac-JCFL3 9 

sever a1 s u c c e s s i v e  l i q u i d  

o n l y  WA3110 lac- 
c a n  grow 

- 
s e l e c t i o n  by  p l a t i n g  on  

McConkey lac  p la tes  
4 

pot e n  t i a1 30 OC 

c u l t u r e s  a t  40.5OC; a t  30°C hfrWA3110 lac- X JC3272 

s h o r t  UV i r r a d i a t i o n  w i t h  - JCFL39 

l i g h t  r e p a i r  f o r  p o t e n t i a l  p r o t o t r o p h  a u x o t r o p h  
h f r  f o r m a t i o n  

t 
r e c a n b i n a n t s  g r o w i n g  a r e  d i l u t e  i n t o  M9 m i n i m a l  

p r o t o t r o p h  f r o m  WA3110 l a c  - l i q u i d  c u l t u r e  + s t r e p t o -  
- 

a n d  s t rR f rom JC3272  myc in  a n d  i n c u b a t e  over- 

n i g h t  a t  30°C 

+ t 
p l a t e  on McConkey l a c  s t r  t r a n s f e r a b i l i t y  s e l e c t i o n  

for red c o l o n i e s  H f r l  x JC5484 
P 

30 "C 

mapping  

H f r l  x AB1157 pBR325 

3OoC 
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TABLE I 

Stra in  W k e r s  F t r  F ' p l d d  CnPA e i q i n  

X3272  

x 5 4  84 

X6296 

JC6140 

Hfrl 

his, trp, lys 1 tsx 

gal,maLA-,lac X74 s t r A R  

his, t rp , ton ,  tsx 

lac x74, spc R 

derivative of IC3272 

der iva t ive  of IC3272 

der iva t ive  ~ ~ 3 1 1 0 1 ~ ~ -  

(Kl2) crossed w i t h  IC3272 

Jc3272F der iva t ive  of IC3272 

(322- derivative of U 2 2  

lac- spcR 

AB1157:: der iva t ive  of AB1157 

pBR325 @RmtRcamR 

ICRAl:lac, t raI-  

IcFL39:lac. traMs 

IcFL)9:lac, tr- incor- 

pr&& between 0' and 

1.7' on E. coli stdmap 

R F42 lac13:lacl 

+ khtman et al. (1971) 

+ khtman et al. (1971) 

+ ktmnan et al. (1971) 

+ Rcfitrnan et al. (1971) 

h s t r u c t  by matirrj + 

+ Br i t i sh  culture cdlecticn 

castruct by transfanna- 

+ t ion of AB1157 (Hovard 

and Theriot, 1966). 
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TABLE I1 

K i n d s  of c o n t a c t s  b e t w e e n  bac te r ia  (N = 1 0 0 )  i n  m o n o l a y e r s .  

~ ~~~~~ 

Mono l a y e r  S e p t a t e  I n a c  t i ve Con j u g a t i o n  

f o r m a t i o n  y u x t a p o s i t i o n s  spec. j u n c t i o n s  

A B C 

JC3272 x C122 18 1 0 6  0 

JC6296 x C122 12 84 71 

H f r l  x C122 11 4 4  70 
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Fiq.1: A scematical representation of how a monolayer of 
conjugating bacteria is prepared for electron microscopy. The 
single steps are further described in materials and methods. 
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% lac recombinants 

loo 1 
80 1 

f 

* JC3272FxC122- 
+ JC3272xC122- 
9 JC6296xC122- 
-0 Hfrl xC122-::pBR325 

- A  A -  - -  b -  - 1 

0 100  2 0 0  300 time (rnin.) 

Fig.2: The kinetics of lac-transfer of the different 1:l mating 
mixtures are plotted. JC 3272 (no F-plasmid) and JC 6296 (tra I 
mutant) are unable to transfer the F-plasmid coded lac marker. JC 
3272F mixed with C122- is  referred to as standard. The Hfr 1 
mixed with C122- shows a delayed marker transfer due to the ts- 
modification in tra D. 
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a )  

log of the no. of AB1157 recombinants 

I rtdt. m P Bition 

F-plasmid coded 

0 1 0 0  2 0 0  3 0 0  4 0 0  

time (min.) 

-- 
t ransfer  

0) 
L 

L a 0  
2 :  a c - 

1.7 min. 

5.7 min. 

87 min. 

0 min. 

b 
OD 

Fig.3: A physiological map of Hfr 1 was made to show where JC FL 
39 is integrated into the bacterial genome. In (a) the kinetics 
of the transfer of the different markers by Hfr 1 into AB 1157 is 
plotted. A linear map based on the information from (a) is drawn 
in.(b). The position of ori T and the direction of transfer was 
determined by the finding that only AB 1157 recombinants that 
have received the thr marker were able to act as donors in 
further matings. 
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100 - 

80 - 

60 - 
40 - 

20 - 

0 -  

Q donor to recipient 
+ lac+ recombinants 
+ prototroph recombinants 

F i q . . 4 :  The kinetics of the early transferred lac marker and the 
full prototrophy (representing a late marker) in a 1:l mating 
mixture between Hfr 1 and JC 5484 is plotted. The donor to 
recipient ratio was maintained constant during the time 
monitored, because the two strains have a very similar growth 
rate. 
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Fig.5: Micrographs of horizontally sectioned monolayers of JC3272 
(no F-plasmid) mixed with C122- (a), JC6296 mixed with C122- (b) 
and Hfr 1 mixed with C122-. In the control mating without F-  
plasmid (a) there are only septate formations (marked with A )  and 
inactive iuxtapositions (marked with B )  between bacteria visible. 
The ‘transfer blocked mating (b) and the actively transferring 
mating (c) show in addition conjugational junctions (marked with 
C ) .  A statistical evaluation is given in table 2. 
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F i g . 6 :  Serial thin section through conjugation specific junctions 
are.shown. (a) to ( e )  is a horizontally sectioned serie and ( f )  
to ( 1 )  a vertically sectioned serie of H f r  1 mixed with C 1 2 2 - .  
There are no cytoplasmic bridges nor any pores visible over the 
whole range of the junctions. 
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Fiq.7: Stereo effect micrograph of a mating between Hfr 1 and 
C122-. Tilt angles are -7"on the left half and + 7 O  on the right 
half. The zero position was chosen as 9 0 "  to the sections surface 
plane. The depth is about the middle of of the conjugational 
junctions (third section from the top of the junction). The 
should be looked at with a stereo viewer. ALSO with this 
technique no cytoplasmic bridge or pore was visible throughout 
the whole conjugational junction. 
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. 

Fig.8: Shows a closeup of a conjugational junction between Hfr 1 
and C122-. From several similar micrographs we deduced the 
information for the model drawing in the lower half of the 
figure. 



- 90 - 

Coniuuational mechanism 

-induced by signalling 

-Signal reception triggers 

-Blocked by traM and traS 

through insido of pilus 

DNA metabolism 
DNA PILUS 
TRANSFER 

trrT mutant 

-Blocked 
by traD 
mutant 

sensitive 
-Nal 

Fig.9: We have drawn a refined version of of the conjugational 
mechanism of Willets and Wilkins that contains the new 
information about conjugational junctions. 
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